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1. INTRODUCTION
Ozone is present throughout theEarth's atmosphere as a trace gas.However,
ozone plays a criticalroleinthe biosphere by absorbingharmful ultraviolet
radiation with wavelengthsbetween 2400 and 3200Awhich would otherwise be
transmitted to the Earth's surface.
Ozone exerts an importantinfluence in the meteorologyof the stratosphere
through its absorption of solarultraviolet and visible wavelengthsbelow 7100A,
and thermal infrared wavelengthsaround 9.6 rim. The consequentheating increases
the static stability ofstratospheric air by causing thetemperature to rise steadily
from about 220 K at thetropopause (8-16 km altitude) toabout 280 K at the
stratopause (50 km altitude).
According to the Chapmanphotochemical theory (Chapman,1930 a,b,c), ozone
is produced in thestratosphere by the solar ultravioletphotodissociation of
molecular oxygen and the subsequentcombination of the resultant atomic oxygenwith
molecular oxygen. The ozone isitself photodissociated by thesolar ultraviolet
radiation, and is destroyed by itsrecombiriation with atomic oxygen(the Chapman
destruction mechanism).
Later findings have shown that ozonedestruction by the Chapmanmechanism is
responsible for only about 20 percentof the total destruction whichis required to
balance the global ozoneproduction. While several otherpossible chemical
mechanisms have been considered(Johnston and Podolske, 1978and Crutzen,
1979), it appears that in thenatural stratosphere the oxidesof nitrogen (NOr) arethe predominant ozone destroying agents. Other important species are ClO and Cl
which can also catalytically destroy ozone.
While photochemical theory explains the existence of ozone in the Earths
atmosphere, it does not explain the observed variations of total ozone with latitude
and season, total ozone being the entire amount of ozone in a vertical atmospheric
column. Contrary to the observations, the photochemical theory predicts that total
ozone is at its maximum during summer and minimum during winter.
Atmospheric transport processes have been proposed to explain the observed
increase of total ozone from the equator to high latitudes, and the observed winter-
spring maximum andsummer-fall minimum of total ozone. To determine
observationalyifthese transport processes are responsible for the difference
between the observed ozone distribution and that predicted from photochemical
theory, itis necessary to know the ozone concentration as a function of latitude,
longitude,altitude and time, as well as the concomitant distributions of the
meridional and vertical wind components. However, there are insufficient ozone and
meteorological data for such a determination to be made. Another approach to this
problem is to simulate the general circulation of atmospheric ozone with a numerical
model. This has been done, for example, at UCLA using the UCLA tropospheric-
stratospheric general circulation model in which the photochemistry, radiative
heating and atmospheric circulation were fully coupled and interactive (Schlesinger,
1976).
Studies analyzing and comparing ozone measurements with meteorological data
have indicated that tropospheric disturbances are associated with large total ozone
variations. To explain that feature, Schlesinger and Mintz (1979, hereafter
referred to as SM) used the UCLA model and showed that the simulated total ozone was
negatively correlated with the simulated tropospheric geopotentials. The present
study is aimed at explaining the relationships between ozone and tropospheric3
disturbances. In the next chapter we describe the methods used to measure ozone and
total ozone, the observed relations between total ozone and synoptic disturbances, and
the conceptual explanations for these relations. We then discuss ozone modeling and
describe the UCLA general circulation model. In Chapter 3 we analyze the results
simulated by this UCLA model and explore ways to explain the relations between
ozone and the synoptic disturbances.4
2. BACKGROUND
In this chapter we present the evidence for the observed relations between total
ozone and synoptic disturbances, review the ozone modeling efforts,and present a
brief description of the UCLA model and the simulation reported by SM.
2.1. Total Ozone
Total ozone is the entire amount of ozone in a vertical atmospheric column,
expressed as a thickness at normal temperature and pressure (NTP, 0°C and 1013
mb). Total ozone is thus defined by
100
= 5p3(z) dz, (2.1)
0
where p3(z) is the ozone density at altitude z and P3,NTP is the ozone density at NTP
(2.144 x i0g cm3). Total ozone is usually expressed in Dobson units or D.U.,
where 1 D.U. = cm NTP.
All methods of measuring total ozone are based on optical techniques and are
either ground based or satellite based (London, 1978). Ground based observations
have a long history of routine measurements. A global ozone network is located
mainly in the Northern Hemisphere, with only a few locations in the Southern
Hemisphere. The observations are based almost exclusively on either the Dobson
spectrophotometer or the M83 optical filter instrument.
The Dobson spectrophotometer measures the intensity of sunlight that has5
undergone atmospheric extinction by absorption and scattering at two nearly equal
wavelengths in the Huggiris absorption bands (300-360 nm) to minimize the
measurement error caused by scattering due to atmospheric aerosols. The total ozone
amount is calculated from the measured ratio of the energy received at the two
wavelengths. Total ozone is also measured with an M83 optical filter instrument
developed in the Soviet Union. This measurement is based on comparisonsofenergy
received at three broad spectral intervals in the near ultraviolet centered at 314,
369 and 530 nm. The M83 is more compact, less expensive and less accurate than
the Dobson spectrophotometer.
Satellite systems have the important advantageofglobal coverage and are
approaching the accuracy of ground based techniques in measuring total ozone
amounts. Determination of the total ozone amount through the use of satellite
platforms can be accomplished using either observations of backscattered solar
radiation from the Earth-atmosphere system or the atmospheric radiation emitted in
the 9.6 jim ozone band. Satellite piatforms are used to measure the nadir-upwelling
solar radiation that has been absorbed along the path of the solar beam and scattered
to the satellite by the Earth and atmosphere (Mateer etal., 1971; Prabhakara et
al., 1970). Observations of upwelling radiation are made at two wavelength pairs in
the Huggins band of ozone, and the ratio of the energy received at the two wavelengths
in each pair is used to determine the total ozone in the vertical column. In addition,
observations are made at the visible wavelength of 380 nm to measure the radiation
reflected from the underlying surface. The total ozone can also be determined from
satellite observations of the upwelling infrared radiation in the 9.6 jim ozone band,
providing that the vertical temperature distributionis known. The latteris
normally determined by inversion of the satellite radiance data in the 15 jim CO2
band since the 002 mixing ratio is assumed constant up through the mesosphere
(London, 1978).The vertical profile of ozone is measured either remotely by optical systems or
in situ by chemical systems. The latter have fast response times and give detailed
height resolution to a height of about 30 km. On the other hand, optical systems have
poorer vertical resolution but have been used for ozone observations up to about 115
km.
2.2. Observed Relations Between Ozone and Synoptic Disturbances
Dobson (1930) was the first to observe and describe the relations between total
ozone and synoptic disturbances in the troposphere. Using simultaneous observations
in northwestern Europe and observations at different latitudes during one year,
Dobson concluded that in temperate latitudes the total ozone anomaly, defined as the
difference of the instantaneous total ozone from the monthly mean, is:
closely negatively correlated with the pressure at 9 to 16 km (observations
not available for greater heights)
closely negatively correlated with the mean temperature of the troposphere
closely negatively correlated with the density of the air at about 15 km
fairly closely negatively correlated with the height of the base of the
stratosphere
slightly positively correlated with the temperature in the stratosphere
closely negatively correlated with the surface pressure distribution
closely related to the origin of the air currents in the upper troposphere,
with small total ozone values in equatorial currents and large values in polar
currents.
Dobson did not present a complete explanation for these observed ozone
relationships, although he suggested a significant role by the transport of large7
masses of the atmosphere from regions where the amount of ozone is normally large
to regions where itis normally small.
Normand (1953) studied the relation of ozone with weather disturbances and
presented synoptic maps of the 300 mb geopotential height field for northwestern
Europe for selected days during December 1950 through February 1951, together
with the values of total ozone at Oxford. Figure 1 shows that high total ozone values
(282, 275, 315, 324 D.U.) are associated with 300 mb troughs and low total ozone
values (171, 211, 220, 237 D.U.) with the 300 mb ridges.
Using soundings fromThaIwil,Switzerland,Piaget (1970) foundthat
tropospheric ozone concentration maxima from 400 mb to 600 mb are related to
increases of cyclonic activity with defined frontal surfaces. This cyclonic activity
induces stratospheric intrusions of ozone rich air into the troposphere.
2.3. Conceptual Explanations for the Relations Between Total Ozone and Synoptic
Disturbances
Chapman (1930 a,b,c) proposed a photochemical theory to explain the existence
and distribution of atmospheric ozone. As reviewed by Dutsch (1969, 1971) the
theory is based on the four photochemical reactions
ii
02 + hv - 20 (R.1)
0+ 02 +M -.* 03 + M (R.2)[]
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Figure 1.(Left) 300 mb charts on days of high and low total ozone at Oxford which
correspond to one long-wave oscillation in the upper air during Dec.
1950, with values of total ozone at Oxford in Dobson units (D.U.) entered
on the charts. (Right) 300 mb contour charts for high and low ozone at
Oxford in a double long-wave oscillation during Jan.-Feb. 1951. (From
Normand, 1953.)j2
03+hv-02+O (R.3)
k2
0+03-4202 ' (R.4)
where the k's and j's denote the chemical reaction and photodissociation rates,
respectively. In reaction (Ri) molecular oxygen is photodissociated into two oxygen
atoms. These oxygen atoms combine with the molecular oxygen in a three-body
reaction (R.2) to form ozone. The relatively unstable triatomic ozone molecule is
itself photodissociated into molecular and atomic oxygen by reaction (R.3). Finally,
ozone is destroyed by its recombination with the atomic oxygen to form molecular
oxygen via reaction (R.4), the "Chapman destruction mechanism." Numerical
estimates show that reactions (R.2) and (R.3) are orders of magnitude faster than
reactions (Ri) and (R.4). Thus, as a first approximation, it may be assumed that an
equilibrium exists between 0 and 03 that is independent of the formation and
destruction of odd oxygen. Other species such as HO and N0 also react to form or
destroy ozone.
There is also a nonequilibrium photochemical theory. However, the variation of
ozone concentration with latitude and season obtained from nonequilibrium theory, as
well as that obtained from equilibrium theory, completely disagrees with the
observations below about 30 km. Both theories incorrectly predict a decrease in
ozone concentration from equator to pole and from summer to winter. This affects the
total ozone distribution. The discrepancies are due to the neglect of ozone transport
by the atmospheric motion.
The major net photochemical production of ozone in the atmosphere occurs in the10
tropical middle stratosphere. Ozone is then carried poleward and downward into the
lower stratosphere where, because of its long photochemical relaxation time,it
behaves as a quasi-conservative property. Ozone is transported into the troposphere
at middle and high latitudes and is ultimately destroyed as a result of contact with the
Earth's surface. The total amount and vertical distribution are thus closely related to
the general circulation of the atmosphere (London, 1978).
Dobson (1930) suggested three possible explanations for the close connection
between total ozone and the meteorological conditions in the troposphere:
By the transport of large masses of the atmosphere from regions where the
amount of ozone is normally large to regions where it is normally smaller and vice
versa. Such large air currents are well-known in the lower atmosphere in the polar
and equatorial currents associated with cyclones.
By vertical currents in the atmosphere immediately above or below the ozone
layer which would cause an inward or outward radial flow in the ozone layer itself.
The thickness of the ozone layer would thus be increased or diminished.
By actual formation or decomposition of ozone above the area in question.
Normand (1953) pointed out that, in the Northern Hemisphere, a wind from the
north (a polar air mass) should bring more ozone withit than a tropical air mass
from the south since, on the average, tropospheric ozone increases with latitude.
Moreover, since the mixing ratio of ozone varies greatly with height, any air motion
involving convergence and divergence must alter the total ozone amount in a vertical
column. Normand stated that apparently both advection and vertical divergence were
responsible in spring for the ozone changes, but in late summer and autumn, only the
vertical motion could be responsible. However, vertical motions alone cannot change
the total amount of ozone in a vertical column except possibly by photochemical
production or destruction, this because of the temperature-dependence of the ozone11
photochemistry and the dependence of temperature on altitude.
Using arguments based on the continuity equation for ozone mixing ratio q,
Hartmann and Garcia (1979) define the region of dynamical (photochemical) control
of ozone as that range of altitudes for which the advective time scale is at least an
order of magnitude shorter (longer) than the photochemical time scale. They state
that the transition between the dynamic and photochemical regions takes place
between 33 and 48 km for wavenumber 1, and between 38 and 57 km for
wavenumber 3. In the photochemical region, the transient ozone mixing ratio q' is
proportional to -V because of the inverse dependence of the chemical reaction rates
on temperature 1. Analyzing transports by forced planetary waves during a 30-day
period, they found that in the dynamical region q' is roughly proportional to Z',
where Z is the geopotential height and ' designates the transient part of the field.
Piaget (1 970) noticed that whenever there is an equatorward extension of
tropospheric air from polar latitudes, cyclonic activity starts or increases. Near the
baroclinic frontal zone, air from the lowest layers of the polar stratosphere is
partly entrained into the tropical troposphere inthin layers moving along the
frontal surfaces under the jet stream. Holton (1979) states that considerable
stratospheric air is mixed into the troposphere since, as indicated by studies of
radioactive and dynamical tracers (potential temperature and potential vorticity),
intrusions of stratospheric air occur in conjunction with upper-level frontogenesis
in the middle latitudes, sometimes with a tropopause "folding" event (Danielsen and
Mohnen, 1977; Viezee eta!, 1979; Shapiro, 1980). Figure 2 shows a cross section
of a well-defined folding event over California (Shapiro, 1980) with a tongue of
stratospheric air extending to 600 mb as the result of the tropopause folding into the
frontallayer..0
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Figure 2.Cross section through the 0000 GMT 13 March 1978 tropopause-folding
event. Potential temperature (K), thin solid lines; wind speed (ms),
heavy dashed lines; Sabreliner flight track, thin dashed lines; the 100 x
iO-K mbs1potential-vorticity tropopause, heavy solid line; and the
troposphere, stippled area. (From Shapiro, 1980.)13
The studies described above show that stratospheric-tropospheric exchanges are
associated with tropopause foldings. One could therefore expect an increase of total
ozone in the areas of tropopause folding due to the surge of ozone-rich stratospheric
air into the troposphere. However, this may not be the only way thatccan increase.
2.4. Ozone Modeling
Thefirstmodels of ozone by Chapman (1930a,b,c)included only
photochemistry. These equilibrium models were able to explain the existence and
verticalstructure of ozone, but notitshorizontal and seasonalvariation.
Nonequilibrium photochemical models were subsequently constructed (e.g., Dutsch,
1969), but did not remove the discrepancies. The comparison of photochemical
theory with observations suggests that ozone transport is an essential process, but to
test this with measurements requires knowledge of the ozone mixing ratio (q), the
horizontal wind components (u, v) and the vertical wind component (w), and is
expensive and difficult to obtain. Therefore, a natural extension of the photochemical
models is to include ozone transport.
One-dimensional and zonally-averaged two-dimensional photochemical models
have been developed with parameterized transports (e.g., Fishman and Crutzen,
1977; Chameides and Stedman, 1977; Harwood and Pyle, 1977; Haigh and Pyle,
1979) to investigate the impact of the supersonic transport (SST) on ozone. These
models were tuned to give the present observed latitude-height distribution of ozone,
and were then used to investigate the effects of NO and HO on ozone. However,
because these models do not simulate the observed latitude-height distribution from
first principles, nor the longitudinal dependence, they cannot be used to understand
how the observed spatially and temporally-varying ozone distribution is maintained,14
that is, the general circulation of ozone. Only general circulation models (GCM5) can
do that.
Several GCMs have been used to study ozone (Hunt and Manabe, 1968; Hunt,
1969; Clark, 1970; Mahlman, 1972; London and Park, 1973, 1974; Newson,
1974 and Cunnoldet al.,1975),butwithouteitherfullyinteractive
photochemistry, radiative heating or transport. The goal of SM was to develop such a
model to simulate and understand the general circulation of ozone and the synoptic
relation of ozone with tropospheric disturbances.
2.5. The UCLA General Circulation Model
A description of the model can be found in SM while a detailed account of the
design has been given by Arakawa and Mintz (1974) and Arakawa and Lamb (1977).
We present here the most important aspects of the model for the present study.
The principal prognostic variables of the model are the horizontal velocity,
temperature and surface pressure. Additional prognostic variables are the water
vapor and ozone mixing ratios, boundary layer depth, temperature and moisture
discontinuities at the top of the boundary layer, soil temperature, soil water and the
mass of snow on the ground.
For ozone the source and sink terms in the ozone continuity equation are a
simplified photochemistry above the 100 mb level that includes the Chapman
reactions(R.1)-(R.4), NO-NO2 catalytic cycle and photolysis of NO2, and a
subgrid-scale vertical eddy flux of ozone within the planetary boundary layer with
destruction by heterogeneous chemical reactions at the Earth's surface. The NO2
distribution is prescribed to vary only in the vertical following the one-dimensional
profile calculated by McElroyet al.(1974).15
The model atmosphere extends from the Earth's surface to 1 mb and is divided
into 12 layers, the boundaries of which follow the coordinate surfaces of a
generalized a-coordinate (normalized pressure) system (Fig. 3). From 100 mb to
the Earth's surface the mass is divided into five layers in the ratios 1:2:2:2:2. The
horizontal coordinates are longitude and latitude, with a grid size of 4 degrees of
latitude and 5 degrees of longitude. The basic time step of the time integration was 6
minutes, but the source and sink terms and vertical transports of water vapor and
ozone were calculated every 30 minutes.
The prognostic variables were initialized in the following way. For the surfaces
below 100 mb, the horizontal velocity, temperature and water vapor mixing ratio
were initialized by vertical interpolation from a day at the beginning of December
which was the result of a long integration that had been made with an earlier UCLA
three-level tropospheric general circulation model. The initial surface pressure,
ground temperature, soil water and mass of snow on the ground were also taken from
the three-level model results for that day. For the a-surfaces above 100 mb, the
initial temperature for the SM study was taken as varying only with pressure, using
the Mid-Latitude Spring/Fall temperature profile in the U.S. Standard Atmosphere
Supplements (1966). The initial horizontal velocity above 100 mb was set equal to
the geostrophic velocity, except at the equator where it was set equal to the mean of
the geostrophic velocities at 4°N and 4°S. The initial water vapor mixing ratio above
100 mb was taken as zero. The 03 mixing ratio was initialized from the observed
zonal-mean 03 number density for December based on the Ozone Data for the World
(1 960-1 972), and on the initial air density of the model. The initial sun declination
andsundistanceweretakenforthebeginningofDecember.
The time-averaged distribution of total ozone for the period 12-31 January of
the simulation is shown in Fig. 4, together with the observed January 10-year mean16
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as derived from ground observations. In the simulation there are two total ozone
maxima in the northern hemisphere middle latitudes, a very intense one located just
north of Japan and a weaker one over the central North Atlantic. In the southern
hemisphere middle latitudes there are also two total ozone maxima, one located south
of Africa and another south of Tasmania. In the southern hemisphere tropics the
simulated total ozone shows a wavenumber-3 pattern, with the maxima positioned
over the Indian, South Pacific and South Atlantic oceans. The observed January mean
total ozone shows three maxima in the Northern Hemisphere, one over Manchuria,
one over Hudson's Bay and one over northcentral Europe. In the Southern Hemisphere
only a single high latitude maximum is seen at about 100°E and 55°S, and in the
tropics the total ozone shows minima (and not maxima) over the three oceans.
Figures 5-7 show the fields of total ozone, ,geopotential height at the 500 mb
level, Z500, and sea level pressure at selected time points. The 500 mb geopotential
height and the sea level pressure fields show transient wave cyclones such as the one
positioned near the east coast of North America at 0000 GMT 22 January and
approaching the British Isles at 1200 GMT 24 January. We see that the simulated
middle latitude total ozone maxima and minima coincide, respectively, with the
trough and ridge lines of the 500 mb waves. Both the amplitude of the zonal variation
of total ozone and the phase relationship between the total ozone maxima and minima
and the troughs and ridges of the extratropical tropospheric waves are precisely
what have been observed in the real atmosphere.
The upper panel of Fig. 8 shows the relation between the simulated eddy total
ozone,
=[], (2.2)
and the 500 mb eddy geopotential height,70
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Ficure 5.mulated synoptic distributions of total ozone, 500 mb geopotential height
and sea leve pressure at 0000 GMT 22 January of the integration. Top:
Total ozone, where the dashed contour line is 280 D.U. and the contour
interval is 10 D.U. Middle: 500 mb height, where the dashed contour line
is 5580 m and the contour interval is 60 m. Bottom: Sea level pressure,
where the dashed contour line is 1008 mb and the contour interval is 4
mb. (From Schlesinger and Mintz, 1979.)50
30
0
- 0
-30
-50
-70
-90
90
70
50
30
0
- 10
-30
-50
-70
-90
90
70
50
30
10
- 10
-30
-50
-70
-90
30W 030E 60E 90E l20E ISOE ISO 150W iaow 90W SOW iUWU
20
Figure 6.Simulated synoptic distributions of total ozone at intervals of 30 hours.
Top: 0000 GMT 22 January. Middle: 0600 GMT 23 January. Bottom:
1200 GMT 24 January. The dashed contour line is 280 D.U. and the
contour interval is 10 D.U. (From Schlesinger and Mintz, 1979.)21
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Figure 7. As inFig. 5, except 60 h later at 1200 GMT 24 January. (From
Schlesinger and Mintz, 1979.)22
Z= Z -[Z ], (2.3)
500 500 500
at 50°N latitude at 0600 GMT 23 January; here[1denotes the zonal mean around
the 50°N latitude circle. The correlation between c* andZ500*is -0.821, and the
agreement is better in the Eastern Hemisphere than in the Western Hemisphere. In
the middle panel of Fig. 8 the transient eddy components
- (2.4)
* *
Z500 = Z500 -Z500 (2.5)
are presented; here a quantity with an overbar is the time mean from 12-31
January. (Note that 'ji' = i', wherexiis an arbitrary quantity.) The correlation
between ç* andZ500*Iis -0.870, and the agreement in the Western Hemisphere is
as good as in the Eastern Hemisphere. The structures of andZ500are rather
complex, but display the short-wave characteristics of synoptic waves as opposed to
the long-wave characteristics of the planetary waves which are evident in the top
panel of Fig. 8.
The SM study indicated that the GCM with interactive atmospheric circulation
and photochemical production was capable of simulating the observed relation
between total ozone and tropospheric synoptic disturbances. However, SM did not
analyze how the model reproduced this observed relationship. Therefore, the
objective of the present study is to carry out such an analysis. We begin by extending-80
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Figure 8.Top: Deviation of total ozone and 500 mb geopotential height from their
respective zonal means at 50°N at 0600 GMT 23 January. Middle:
Deviation of total ozone and 500 mb geopotential height from their
respective zonal and January time means at 50°N at 0600 GMT 23
January. Bottom: Scatter diagram of the data in the middle panel. Western
Hemisphere(crosses);EasternHemisphere(circles).(From
Schlesinger and Mintz, 1979.)24
in space and time the comparisons of total ozone and synoptic disturbances shown by
SM. Because the relation between the total ozone and synoptic disturbances is
particularlywell-developedat50°N latitudeinboth the simulation and
observations, we shall restrict our analysis of the GCM simulation results to that
latitude. Next, we consider the vertical structure of the ozone and geopotential fields,
and analyze the relation between the variations of the tropopause height and total
ozone. Finally, we compare the relative importance of the ozone transport and
photochemistry in explaining the synoptic ozone variations.3. ANALYSIS OF THE GCM SIMULATION RESULTS
3.1. Total Ozone
25
We begin our analysis of the GOM simulation results by investigating the time-
longitude distribution of total ozone at 50°N latitude and the relation of the total
ozone to the geopotential heights in both the troposphere and stratosphere.
3.1 .1. Time-longitude distribution at 50°N
The total ozone at 50°N latitude is presented in the top panel of Fig. 9 as a
function of longitude and time. This figure shows that the GCM simulates two quasi-
stationary total ozone maxima, one centered to the east of 150°E longitude, and the
other to the east of 300 W . The time averages of these simulated total ozone maxima
over the last twenty days of the integration (12-31 January) form the total ozone
maxima shown in Fig. 4 which are located to the northeast of Japan and over the
Atlantic Ocean. Figure 9 also shows transient features of the total ozone distribution
which propagate to the east.
To see the eastward propagation of the transient total ozone disturbances more
clearly, the stationary zonal-mean features of the total ozone field were removed as
follows. First, the time-averaged total ozone over the last 22 days of the simulation
(0800 GMT January 10 to 2400 GMT January 31) at each longitude X was
subtracted from the total ozone to obtain the transient total ozone field,
=(?t)-2(,t) , (3.1)l/0
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Figure 9.The time-longitude variation at 50°N latitude of the total ozone(above)
and the transient-eddy total ozone (below) in D.U. Values larger than
360 D.U. (above) and less than zero (below) are shaded.27
where the overbar represents the time average and t the time. Next, the zonal-mean
total ozone given by
27t
1
d (3.2) ['(t)]=
2it
0
was subtracted to obtain the transient-eddy total ozone
='(?,t)['(t)J (3.3)
The transient-eddy total ozone is presented in the bottom panel of Fig. 9. This
figure clearly shows that the transient-eddy total ozone disturbances propagate
eastward with a phase speed of about 15 ms-1 and an amplitude of about 20 to 30
D.U. Furthermore, Fig. 9 displays a total ozone pattern that is generally comprised of
short-wavelength disturbances. This is in accord with what SM found for the single
time point they studied (0600 GMT January 23, see Fig. 8). Therefore, these
results indicate that transient-eddy total ozone disturbances in the northern
hemisphere midlatitudes were an omnipresent feature of the GCM simulation, as
indeed they are in nature.
3.1.2. Comparison between total ozone and geopotential height
In Fig. 10 the transient-eddy total ozone, is compared with the transient-
eddy 500 mb geopotential height, Z500, because the latter is a good indicator of
midlatitude synoptic disturbances. In Fig. 10 negative values of and positive28
values of Z' have been shaded to reveal any negative correlation between these
quantities such as that found by SM for the single time point they studied. A
comparison of the upper and lower panels of Fig. 10 does show a marked
correspondence between the shaded (unshaded) regions ofcf*andZ500,with both
having between 6 to 8 zonal waves at each time and a pattern that propagates
eastward with a phase speed of 10-15 ms-1. In fact, the correlation coefficient
between the transient-eddy total ozone and transient-eddy 500 mb geopotential
height over all the longitudes and time shown in Fig. 10 is
p(I*, Z500*)=-0.73.
This negative correlation is similar to that found by SM for the single time point
they studied, namely,
p(I*,Z5001*)=-0.87 (Fig. 8). Consequently, these results
indicate that the transient-eddy total ozone disturbances in the northern hemisphere
midlatitudes were closely related to the transient-eddy 500 mb geopotential
disturbances there throughout the entirety of the GOM simulation, again just as they
are in nature.
The study by SM compared the transient-eddy total ozone with the transient-
eddy geopotential height only at 500 mb. However, because the relation between total
ozone and synoptic disturbances may be maintained by transport from the
stratosphere to the troposphere, itis of interest to determine the level to which the
negative correlation between total ozone and geopotential height extends.
The transient-eddy geopotential height at 150 mb, Z150', is presented in Fig.
11 as a function of longitude and time at 50°N latitude, together with Z500'. Here
again the positive values of geopotential height have been shaded. Figure 11 shows
that the transient-eddy geopotential height field at 150 mb is quite similar to that at
500 mb, with short-wavelength disturbances that propagate to the east. In fact, the
correlation between the geopotential heights at these two pressure levelsis
p(Z150*, Z500*)= 0.85. Consequently, the correlationbetween5OO$*and29
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Z150' is also negative and has a value of -0.79.
To quantify the correlations between
*and Z* further the correlation
coefficients Zp(I)) were computed for the nominal mid-layer pressures
Pnom(l) for all of the GCM's layers except the lowermost layer, with the latter one
being excluded because its 900 mb nominal mid-layer pressure was beneath the
Earth's surface in regions of high topography. . The resulting correlation coefficients
are presented in Table 1 for two time periods, Period A which includes the last 22
days of the simulation (0800 GCM January 10 to 2400 GMT January 31), and
Period B which includes only the last 9 days of the simulation (2200 GMT January
22 to 2400 GMT January 31). This second period, Period B, was considered because
it appeared that the correlation coefficients for it would be larger in magnitude than
those for Period A, this because the geopotential height disturbances were evolving
during the early days of the simulation as can be seen in Fig. 14. The correlation
coefficients p(c*, Zp(l)) forI = 1,...11 were computed over all longitudes at
50°N latitude and also separately for the longitudes of 00 and 1800, the latter
because the transient-eddy total ozone at these longitudes evolved rather differently
in time (Fig. 10).
The correlation coefficients Z(l)) presented in Table 1 show the
following features:
Period A (0800 GCM January 10 to 2400 GMT January 31)
1) The correlation coefficient based on all longitudes is negative at and
everywhere below 72 mb (layer 7) and is positive everywhere above 72 mb. The
maximum negative correlation occurs at 300 mb (layer 9) with a value of -0.83,
and the maximum positive correlation occurs at 10 mb (layer 4) with a value of
0.54.32
Table 1. Correlation coefficients Zpnom(l)J*lbetween the transient-eddy
total ozone and the transient-eddy geopotential heights Zp 0)of
GCM layers I = 1,...,11 for00,180° and all longitudes at 50°N latitude
over Periods A and B.
Zpnom(l)*]
Nominal PeriodA* Period B#
Layermid-layer
pressure Longitudes Longitudes
Pnom(1)' mb All 00 180° 0° 180°
1 1.4 0.30 0.04 0.36 -0.15-0.36
2 2.7 0.41 0.20 0.35 0.31-0.48
3 5.2 0.51 0.45 0.36 0.66-0.48
4 10.0 0.54 0.47 0.36 0.68-0.45
5 19.3 0.46 0.36 0.33 0.47-0.37
6 37.3 0.20 0.20 0.25 -0.18-0.32
7 72.0 -0.37 0.00-0.05 -0.61 -0.71
8 150 -0.79-0.26-0.63 -0.80-0.85
9 300 -0.83 -0.38-0.84 -0.80-0.83
10 500 -0.73-0.20-0.80 -0.54-0.74
11 700 -0.50 0.03-0.64 -0.17-0.55
* Period A begins at 0800 GMT Jan 10 and ends at 2400 GMT Jan 31.
# Period B begins at 2200 GMT Jan 22 and ends at 2400 GMT Jan 31.33
2) The correlation coefficient for 1800 longitude is qualitatively similar to that
based on all longitudes, with a maximum negative value of -0.84 at 300 mb (layer
9) and a maximum positive value of 0.36 at and above 10 mb (layer 4).
3) The correlation coefficient for00longitude also is generally qualitatively
similar to that based on all longitudes and at 180° longitude, but with smaller
negative values in the troposphere.
Period B (2200 GMT January 22 to 2400 GMT January 31
1) At00longitude the negative correlation coefficient during Period B extends
further upward (to 37.3 mb) than during Period A and, as anticipated, both the
negative and positive correlations have increased appreciably in magnitude.
2) At 180° longitude the negative correlation coefficients at and below 72 mb
also have increased in magnitude as expected. However, the positive correlation
coefficients at and above 37.3 mb during Period A have become negative during
Period B.
These results show that the total ozone and geopotential heights at 50°N latitude
evolved in time such that their transient-eddy correlations during the later part of
the simulation were larger in magnitude than those during the earlier part of the
simulation. Nevertheless, in general, the correlations are negative up to the 72 mb
level and attain their largest negative values at the 300 mb level.
Having now determined the level to which the negative correlation between the
transient-eddy total ozone and the transient-eddy geopotential extends,itis of
interest next to examine the correlations among the transient-eddy geopotential
heights themselves. This is done in Table 2 wherein the correlation coefficients
between the transient-eddy 500 mb geopotential height and the transient-eddy
geopotential heights for the nominal pressure levels of the GCM layers are shown for
all but the lowermost layer. These correlations are presented over all longitudes34
during Period A, and at00and 1 80° longitudes over a shorter period during the last
8 days of the simulation, Period C (1100 GMT January 23 to 2400 GMT January
31).
Table 2 shows that the correlation coefficients based on all longitudes for Period
A are positive at and everywhere below 72 mb (layer 7) with values near 0.9, and
are negative everywhere above 72 mb with values of about -0.3. This indicates that
the transient-eddy disturbances in the stratosphere are out of phase with their
counterparts in the troposphere in accord with what would be expected based on
Dines' compensation (e.g., see Wallace and Hobbs, 1977). For Period C at 0°
longitude there is also a positive correlation at and below 72 mb and a negative
correlation above, with the positive (negative) correlations being somewhat smaller
(larger) than those for all longitudes during Period A. At 180° longitude for Period C
the correlations are positive above 72 mb, as well as below 72 mb. This reversal of
the correlation between Z5001*and Zp(J)*above 72 mb at 180° longitude
compared with the correlations at00longitude and all longitudes was already
indicated by the reversal of the correlation between*and Zpflom(I)* above 72 mb
at 1 80° longitude shown in Table 1. This then is an indication of the absence of Dines'
compensation at 1 80° longitude, at least during the last 8-9 days of the simulation.
3.2. Vertical Distribution Of Ozone
In the preceding section we examined the variation of total ozone with time and
longitude at 50°N latitude and the correlation of the transient-eddy total ozone with
the transient-eddy geopotential heights of selected pressure surfaces. In this section
we investigate the vertical distribution of ozone and how it relates to the synoptic
disturbances in the troposphere.35
Table 2. Correlation coefficientsP[Z500*, Zp(l)*] between the transient-
eddy 500 mb geopotential heightZ500and the transient-eddy
geopotential heights ZmWI*of GCM layers I = 1,...,11 for 0°, 180°
and all longitudes at 50°N latitude over Periods A and C.
P[Z500I*, Zp(l)*]
Nominal Period A Period C#
Layermid-layer
pressure All Longitudes Longitudes
PnomW' mb 0° 180°
1 1.4 -0.21 -0.38 0.32
2 2.7 -0.28 -0.68 0.43
3 5.2 -0.33 -0.66 0.46
4 10.0 -0.32 -0.63 0.44
5 19.3 -0.25 -0.51 0.44
6 37.3 -0.03 0.00 0.38
7 72.0 0.48 0.38 0.68
8 150 0.85 0.70 0.87
9 300 0.95 0.90 0.96
1 0 500 1.00 1.00 1.00
11 700 0.89 0.89 0.88
* Period A beginsat 0800 GMT Jan 10 and ends at 2400 GMT Jan 31.
# Period C beginsat 1100 GMT Jan 23 and ends at 2400 GMT Jan 31.3.2.1. Longitudinal distribution at 50°N
The total ozone defined by Eq. (2.1) can be expressed as
where
36
12
(3.4)
1=1
qi
I I (3.5)
1'3,NTP
is the amount of ozone in layer Iin Dobson units (D.U.), with q1 the ozone mixing
ratio,p the pressure thickness and g the acceleration of gravity. An example of the
distribution of flwith longitude at 50°N latitude is presented in Fig. 12 for 1200
GMT January 24, together with the corresponding distribution of total ozone. Figure
12 indicates maximum values ofat all longitude located in layers 6 and 7 (37.3-
72 mb), with total ozone maxima and minima corresponding to the maxima and
minima of
lin these layers.
The amount of ozone in each layer at00and 180° longitudes averaged over
Period A is presented in Table 3 in terms of bothcand the percentage of the total
ozone thatrepresents. This table confirms the result shown by Fig. 12 for a single
time point, namely, that layers 6 and 7 contribute the most to the total ozone (about
41%) followed by layers 5 and 8 (about 30%). For virtually all layers the values of
at 1 800 are larger than those at 0°. Therefore the total ozone at 1 800 is37
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Table 3. Mean amount of ozonein GCM layers I = 1 ,...,12 and the percent of
total ozone in each layer at 1800 and 0° longitudes at 50°N latitude
for Period A.
Nominal
Layermid-layer
pressure
p(l), mb
ni
(Dii.)
Longitudes
180° 0°
(c1/)x1 00
Longitudes
180° 00
1 1.4 3.7 3.2 0.9 1.0
2 2.7 8.2 9.3 2.1 2.8
3 5.2 18.6 17.1 4.7 5.2
4 10.0 37.0 17.1 9.4 9.7
5 19.3 65.6 58.3 16.7 17.8
6 37.3 79.3 69.8 20.2 21.3
7 72.0 83.6 65.2 21.3 19.9
8 150 59.8 39.9 15.2 12.1
9 300 16.0 12.0 4.1 3.7
10 500 9.6 8.3 2.4 2.5
11 700 7.0 7.1 1.8 2.2
12 900 4.7 5.6 1.2 1.8
Total 393.1 312.9 100.0 100.039
larger than that at00,a fact which was already evident in Fig. 9. However, the
percentage of ozone in each layer does not differ much between00and 1800. We next
examine whether the layers that contain the largest percentage of the total ozone,
layers 5-8, are also the ones that have the largest variations of ozone content with
time.
Figure 13 shows the transient ozone amount I' at 1800 and00longitudes for
the layers having the largest variations, together with the transient total ozone Q',
with the positive perturbations for both quantities highlighted by shading. Figure 13
shows that the transient variations of total ozone at these two longitudes are
predominantly due to the variations of the ozone in layers 7 and 8, with smaller but
non-negligible contributions from the ozone variations in layers 6 and 9. The
correlation coefficients between I' and' at00and 1800,p[fl1','J, are presented
in Table 4 for Periods A and B. Table 4 shows that at 180° the largest positive
correlations occur over layers 6-9 (37.3-300 mb), with values for Period B
somewhat smaller than those for Period A, while atQ0the largest positive
correlations occur over layers 3-9 (5.2-300 mb), with values for Period B
somewhat larger than those for Period A.
From these results we conclude that although layers 5-8 (19.3-150 mb)
contain the largest percentage of the total ozone, itis predominantly layers 6-9
(37.3 -300 mb) that make the largest contribution to the temporal variations of
total ozone. Consequently, to understand the relation between total ozone and the
synoptic tropospheric disturbances we must understand the relation between these
disturbances and the ozone in layers 6-9.C
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Table 4. Correlation coefficients p[fl1','] between the transient ozonea1'in
GCM layers I = 1 ,...,1 1 and the transient total ozonea'for 1800 and 0°
longitudes at 50°N latitude over Periods A and B
Layer
Nominal
mid-layer
pressure
Pnom(')' mb
PeriodA*
Longitudes
180° 0°
pEa1', fl']
Period B#
Longitudes
180° 0°
1 1.4 -0.11 0.02 -0.53 0.00
2 2.7 -0.27 0.20 -0.06 0.40
3 5.2 -0.04 0.56 0.68 0.72
4 10.0 -0.19 0.59 0.18 0.70
5 19.3 0.14 0.37 0.06 0.66
6 37.3 0.50 0.55 0.48 0.69
7 72.0 0.76 0.77 0.64 0.79
8 150 0.90 0.76 0.87 0.64
9 300 0.52 0.58 0.49 0.42
10 500 -0.25 0.20 -0.38 0.17
11 700 -0.38 0.07 -0.55 0.02
* Period A begins at 0800 GMT Jan 10 and ends at 2400 GMT Jan 31.
# Period B begins at 2200 GMT Jan 22 and ends at 2400 GMT Jan 31.42
3.2.2. Comparison between ozone and geopotential height
The evolution during 11-31 January of the simulated transient ozone fl' i n
layers 6-10 for 1800 and 0° longitudes at 50°N is presented in Fig. 14, together
with the corresponding transient geopotential heights Z0(I)'. As expected based on
the negative correlation between the transient-eddy total ozoneQ*and the
transient-eddygeopotentialheights Zp(l)* (Table1), and the positive
correlation between the transient ozoneand the transient total ozonec'(Table
4), Fig. 14 indicates thatand ZpomW'are negatively correlated, particularly for
layers 7-9. The correlation coefficients P[i"Zpnom(l)']over Periods A and B are
presented in Table 5 for the GCM layers I = 1 ,...,1 1. Table 5 confirms the qualitative
indication of Fig. 14 by showing that the correlation coefficients pEQ1', Zp(l)'] are
negative for layers 6-9 at both longitudes and for both periods. However, the
magnitudes of the correlations are considerably larger for Period B than for Period
A, this., as a result of the "spinup" of the geopotential heights during the first half of
January which is evident in Fig. 14.
As a further test of which layers are most responsible for the temporal
variation of total ozone, we first computed at 180° longitude and 50°N latitude the
variance over Period A of the 5-hourly change in total ozone defined as
=(t + 5)fl(t) , (3.6)
where t denotes the time in hours. (Although as described in section 2.5 the basic
time step of the model was 6 minutes, the simulation results were saved only at 5-
hour intervals. Consequently, the 5-hour interval was the smallest for which a
could be calculated.) Then we performed a sequential and cumulative removal of the180 Longitude
4C
30
20
'0
C
-JO
-20
-30
-40
-50
--60
NI
--70
C
_0
-JO
-20
-30
-40
C
20
JO
9
e
E4
C20
-30
30
C
20
C
J JO
-JO
-20
20
Jo
C
-JO
-20
I I I I
I
l:._rJv1
I.,, vvJJ
f'z37
/
.1
/
f,-'i5o I-,'
/
I
/
Il ,I\
LIL
1'
r°°
/
/_2cjL
/
I
\I\ (' J ',-.-
'I
I I I
43
0 Longitude
1 I I I
f,'d\
I
-
\
IJ
)
/
''I" I
s,I /'-
z7 "; V-'1
I
/
v'\
/
(V
"IA /
,
Z72V'
'I
I
z50
f\/
'-J\
'.1
'-I-
300
'\/_'
I.-
/..
/
500
I I I I
l/0413/0615/0817/1019/1221/14 23/16 25/lI 27/20 29/22 31/21 11/043/06 15/0117/1019,1221/1423/16 25/18ZI/ZO ZSIZZ II2
January dote/hour January dote/hour
Figure 14. The evolution during 11-31 January of the transient ozone fl and
the transient geopotential height Zpom(I)' of layers 6-10 for 1800
(left) and 00 (right) longitudes at 50°N latitude.44
Table 5. Correlation coefficients p[c', Z ''J between the transient ozone
IProm'.'
and the transient geopotential heights Zpnom(I)' in GCM layersI =
1,...,11 for 1800 and 00 longitudes at 50°N latitude over Periods A and
B.
p[2 ',Zp(l)'l
Nominal PeriodA* Period B#
Layermid-layer
pressure Longitudes Longitudes
PnomW' mb 180° 00 180° 00
1 1.4 0.32 -0.68 0.34 -0.51
2 2.7 -0.60 -0.12 -0.16 0.20
3 5.2 -0.83 0.89 -0.65 0.87
4 10.0 -0.76 0.75 -0.20 0.84
5 19.3 -0.11 -0.31 0.11 0.11
6 37.3 -0.19 -0.28 -0.49 -0.63
7 72.0 0.01 -0.21 -0.84 -0.69
8 150 -0.50 -0.27 -0.86 -0.51
9 300 -0.47 -0.20 -0.63 -0.55
10 500 0.18 0.25 0.05 -0.11
11 700 0.16 -0.03 0.43 0.27
* Period A begins at 0800 GMT Jan 10 and ends at 2400 GMT Jan 31.
Period B begins at 2200 GMT Jan 22 and ends at 2400 GMT Jan 31.45
GCM layers, with each successive layer that was removed being chosen to give the
largest decrease in the variance. The resulting sequence in which the layers were
removed is presented in Fig. 15. This figure shows that the sequential removal of the
layers occurred in the order 8, 7, 5, 6, 9 after which the residual variance is about
one-fourth of the initial variance. Thus the five layers I = 8, 7, 5, 6 and 9 explain
three-fourths of the variance in the 5-hourly change in total ozone, at least at the
location of 1800 longitude and 50°N latitude.
3.3. Exchange Of Ozone Between The Stratosphere And Troposphere
As described in Chapter 2, the early observations of Dobson (1930) showed a
negative correlation between total ozone and the height of the tropopause. More
recently,Danielsenet al.(1970), Danielsen (1976) and De Muer (1979)
observed injections of stratospheric ozone into the troposphere as a result of the
motionofthe tropopauseinassociationwithtropospheric disturbances.
Stratospheric-tropospheric exchange processes havealsobeenstudied
observationallybyReiter(1975),Robinson(1980) and Shapiro(1980).
Therefore,itisof interestto compute the stratospheric-tropospheric ozone
exchanges simulated by the GCM. To do so it is necessary first to determine the
position of the tropopause simulated by the GCM and then the partition of total ozone
between the troposphere and the stratosphere.
3.3.1.Position of the tropopause
To determine the position of the tropopause we have used its definition by the
World Meteorological Organization, namely, the lowest level at which theI.
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Figure 15. The hierarchical contribution of the GCM's layers to the variance of
the 5-hourly change in total ozone at 1800 longitude, 50°N latitude
during Period A (0800 GMT 10 January to 2400 GMT 31 January).47
temperature lapse rate decreases to 200km-1or less over a thickness of at least 2
km. In addition, to exclude low-level temperature inversions, we have required that
the tropopause be located above the 500 mb level. To compute the temperature lapse
rate from which the location of the tropopause was determined, the temperatures of
layers 7-12 were fit with a cubic spline (see, for example, Ahlberg et al., 1967)
The resulting height of the transient tropopauseZTROP'is presented in Fig. 16
for 180° longitude at 50°N latitude together with the corresponding transient ozone
2', with the values of' scaled and plotted on an inverted axis for comparison with
the values ofZTROP'.This figure shows that while 'varies with an amplitude of
about 50 D.U.,ZTROP'varies with an amplitude of about 1.8 km. Nevertheless, the
tropopause at 180° longitude and 50°N latitude is always located within layers 8 and
9 whose nominal mid-level pressures are 150 and 300 mb, respectively. Figure 16
also shows that the 0CM does reproduce the negative correlation between ZTROP' and
Q' that is found in nature, with a correlation coefficient during Period A of p(ZTRQp',
= -0.80.
3.3.2. Variation of ozone in the troposphere and stratosphere
Having determined the position of the tropopause as described and illustrated
above, we can determine the partitioning of the total ozone between the stratosphere
and troposphere. We illustrate this partitioning by presenting the results again for
180° longitude at 50°N latitude where the average amount of ozone above and below
the tropopause is 345.8 and 47.4 D.U., respectively. Thus at this location 88% of
the total ozone is located in the stratosphere and 12% is located in the troposphere.
The transient amounts of ozone in the stratosphere and troposphere, fl' and
are presented in Fig. 17 for 180° longitude at 50°N latitude, together with-2
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Figure 16. The temporal variation of the transient tropopause height ZTROP' and
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their sum which is the transient total ozone fl. This figure shows that s'andT'
generally are of opposite sign with P[T"es'] =-0.82 and p[zfl1', Ms'] = -0.84.
At first glance these negative correlations are not surprising because if the position
of the tropopause changes without a change in the total ozone, there must be
compensating changes in the amounts of ozone in the stratosphere and troposphere.
Under this circumstance,
'=(s) +() =0, (3.7)
where(s')cand (AflT')c respectively denote these compensating changes in the
amounts of ozone in the stratosphere and troposphere. However, Figs. 16 and 17
show that the total ozone does not remain constant as the position of the tropopause
changes but instead changes with the same sign as the change in the ozone in the
stratosphere (p[fl','J = 0.85) and with the opposite sign from the change in the
ozone in the troposphere ( p[fl', fl1'J = -0.48 ). Thus the change in total ozone can
be represented by
(3.8)
where(s')ucand(i')ucdenote the uncompensated changes in the amounts of
ozone in the stratosphere and troposphere, respectively. From these results itis
evident that itis these uncompensated changes in the stratospheric ozone amount
which are responsible for the synoptic changes in the total ozone simulated by the
GCM. Because the amount of ozone in the stratosphere can be changed by the[:11]
40
::i
220
C00
E
U)
C
0
tJ0
-40
/ I
AI
it
II
i (\
I
I.
ki
50
"IA7
kfiI'fl
'I
/1Vfr
\J
tVjitJI il
tj
ti V
I I I I
H/0413/06 15/0817/ID19/1221/1423/16 25/18 27/20 29/22 31/24
January date/hour
Figure 17. The temporal variation of the transient total ozone',the transient
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1 800 longitude at 50°N latitude.51
photochemistry as well as by the dynamics, we determine below the contributions to
the ozone changes by the ozone sources/sinks and the ozone transports.
3.4.Relative Contributions Of Ozone Transports And Sources/Sinks To The Variation
Of Total Ozone
The conservation equation for ozone can be written as
(a2cos 4 itq) +(altuq) + (a cosltvq)
+-p-- (a2cosltsq) = a2 cos 4 , (3 .9)
where q is the ozone mixing ratio (density of ozone/density of air); u and v are the
horizontal velocity components in the directions of the longitudinal and latitudinal
coordinates ?. and4, respectively; s is the vertical velocity in the GCM's vertical a-
coordinate (normalized pressure); ivis the variable mass per unit area between the
Earth's surface and the 100 mb level in the troposphere, and the constant mass per
unit area between the 100 mb level and the top of the GCM atmosphere (1 mb) in the
stratosphere; and P is the source/sink of ozone per unit mass of air due to the
photochemistry and surface destruction (section 2.5). Integration of Eq. (3.9) with
respect to a from the top of the GCM (a = -1) to the Earth's surface (a = 1) and use
of the boundary conditions s = 0 at a = ±1 gives52
=[_1a7cuda+_5acos4)1tvda]
+Ja2cosPth. (3.10)
From Eq. (2.1), the hydrostatic equation and the definition of a, the total ozone can be
written as
= (gp3 NTP)Jqitda. (3.11)
Consequently, by dividing Eq. (3.10) by (g
NTP
a2 cos 4)) we can write the
vertically-integrated ozone óonservation equation as
+()
(3.12)
at t)
TRAN SRCE
where (awat)TRAN denotes the contribution to an/at by the transport terms on the
right-hand side of Eq. (3.10) and (afl/at)SRCE the contribution by the source/sink
term.
To determine the contributions of (an/at)TRAN and ania t)SRCE to ac2/at we
have integrated Eq. (3.12) with respect to time over the 5-hour sampling period at
which the simulation data were saved. This gives53
L2 TRAN + SRCE
' (3.13)
where if is the 5-hourly change in total ozone and(Ic2)TRANand sRcEare its
contributions by the transport and source/sink terms, respectively. The quantities
TRANand(L)SRCEwere computed by numerical time integration of the terms
on the right-hand side of Eq.(3.10)using the trapezoidal rule and the saved 5-
hourly data. However, in contrast to the actual GCM time integration which used a
repeating sequence of leap frog and Matsuno time-integration steps with an interval
of 12 and 6 minutes, respectively, the reconstruction of TRANand sncE
based on the trapezoidal (or any other single) step with an interval of 5 hours can
resultina sampling error. Therefore, before presenting the contributions of
TRANand sRcEto ,itis worthwhile to ascertain the magnitude of this
sampling error.
The reconstructed values of at 180° longitude and 50°N latitude are
presented in Fig. 18 together with the actual values given by the change in total ozone
for each 5-hour period. Figure 18 shows that although the sampling error is not
zero, itis generally smaller in magnitude than either the reconstructed or actual
total ozone change. Consequently,itis meaningful to compare the relative
contributions of TRAN
and sRcEto the change in total ozone.
The transient total ozone changes at 50°N latitude due to the ozone transports
TRANand sources/sinks(Lc)'SRCEare presented in Figs. 19 and 20. These
figures show that TRAN
and sRcEpropagate eastward and westward,
respectively, with the magnitude of(A)sRcEgenerally being smaller than that of
The westward propagation of sncEis reasonable since the
photochemical production and destruction of ozone should follow the westward track
of the sun. However, because sRcEpropagates to the west while' propagates50
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to the east, the ozone sources/sinks do not make a significant contribution to the total
ozone change. Therefore, the synoptic variations of total ozone are due to the
transports of ozone induced by the synoptic disturbances in the troposphere.58
4. SUMMARY AND CONCLUSION
Studies analyzing and comparing ozone measurements with meteorological data
have indicated that large variations of total ozone are associated with synoptic
tropospheric disturbances.Schlesinger and Mintz (1979, referred to as SM)
showed that the UCLA general circulation model (GCM) simulated the observed
negative correlation between total ozone and the 500 mb geopotential height at 50°N
latitude, with the total ozone maxima and minima located respectively at the troughs
and ridges of the tropospheric waves. The goal of the present study was to understand
how the GCM simulated this relationship between the total ozone and the tropospheric
disturbances. To this end, we have extended the analysis of SM both in time and
altitude.
The present analysis shows that the transient-eddy total ozone disturbances
were an omnipresent feature of the GCM January simulationin the northern
hemisphere midlatitudes, as indeed they are in nature. Our analysis also indicates
that the transient-eddy total ozone disturbances in the northern hemisphere
midlatitudes were closely related to the transient-eddy geopotential disturbances
there throughout the entirety of the simulation. Further analysis shows that the total
ozone and geopotential heights at 50°N latitude evolved in time such that their
transient-eddy correlations during the later part of the simulation were larger in
magnitude than those during the earlier part of the simulation. Nevertheless, the
correlations in general are negative up to the 72 mb level and attain their largest
negative values at the 300 mb level. The correlation coefficients
p[Z5001*,
Zpnom*] based on all longitudes for Period A of the simulation (0800 GMT January
10 to 2400 GMT January 31) are positive at and everywhere below 72 mb (layer
7) with values near 0.9, and are negative everywhere above 72 mb with values of59
about -0.3. This indicates that the transient eddy disturbances in the stratosphere
are out of phase with their counterparts in the troposphere in accord with what
would be expected from Dines' compensation.
There is a well-defined positive correlation between the total ozone and the
ozone content in each of the model layers situated in the upper troposphere and lower
and middle stratosphere. The correlation coefficients between the geopotentials at the
nominal mid-levels of the GCM's layers and the ozone content in those layers are
negative from the upper troposphere to the middle stratosphere at both 180° and 0°
longitude at 50°N, while in the upper stratosphere they are negative at 180° but
strongly positive at 0°. The present analysis shows that although layers 5-8 (19.3-
150 mb) contain the largest percentage of the total ozone, it is predominantly layers
6-9 (37.3 -300 mb) that make the largest contribution to the temporal variations
of total ozone.
In accordance with the observations, a strong negative correlation is found
between the simulated total ozone and the height of the simulated tropopause.
However, changing the height of the tropopause cannot in itself change the total
ozone, but rather only its partitioning between the stratosphere and the troposphere.
Consequently, the simulated increase (decrease) in total ozone in association with a
decrease (increase)in the height of the tropopause must be the result of a
photochemical production (destruction) of ozone in the stratosphere and/or a
convergence (divergence) of ozone into the atmospheric column. Our analysis clearly
shows that it is the ozone convergence and divergence in the atmospheric column, not
the photochemical ozone production and destruction, which are responsible for the
synoptic increases and decreases of total ozone. From this we infer that a downward
motion occurs in connection with the lowering of the tropopause which induces a
horizontal convergence in the middle and lower stratosphere, and a horizontaldivergence at other levels. Since the layers of the middle and lower stratosphere
contain the largest percentage of total ozone, the horizontal convergence in this
region brings more ozone into the atmospheric column than that which is lost by the
horizontal divergence elsewhere .An identical but opposite set of circumstances occur
in connection with a rising of the tropopause.
In Chapter 2 it was noted that observations have shown that synoptic increases
of total ozone occur in association with tropopause "folding" events, that is, with the
extension of stratospheric air below the vertical level of the surrounding tropopause
(Fig. 2). The present analysis has shown that the synoptic increases of total ozone
simulated by the model are also associated with the extension of stratospheric air
below the vertical level of the surrounding tropopause (Fig. 16). Consequently, we
conclude that the model does simulate tropopause "folding" events, albeit truncated
horizontally to the model's40by50latitude-longitude resolution. However, as noted
above for the simulation results, the observed "folding" of the tropopause cannot by
itself alter the total ozone, but rather only its partitioning between the stratosphere
and the troposphere. Therefore, the fact that the observed total ozone does increase in
association with a tropopause "folding" event gives testimony to the existence of a
horizontal convergence of ozone into the atmospheric column, just as occurs in the
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